Almost 10 years ago a Ciba Foundation Symposium was held entitled 'Foetal Autonomy' in which the opening paper by Professor R. V. Short (1969) focused our attention on a simple question: how does an animal know that it is pregnant? Emphasis was given t o the ways by which the lifespan and function of the corpus luteum is prolonged by the presence of an embryo, a topic of conjecture ever since Fraenkel demonstrated a t the turn of the century that corpora lutea were essential for the maintenance ofpregnancy in the rabbit. During the last decade this 'maternal recognition of pregnancy', as it was described by Roger Short, has been investigated in diverse ways, for the term has different implications for different disciplines. The fact that it is now the subject of a symposium in its own right results from advances in knowledge of the morphology and physico-chemical characteristics of embryo-maternal interactions, the local responses of the uterus to the fertilized egg, thc developmental changes in the embryo by which its presence is proclaimed, and the maternal adjustments to a resident allogeneic embryo that allow its retention in the uterus rather than its rejection as a foreign tissue.
The symposium will be concerned principally with the recognition of prcgnancy in mammals since it is among this class that viviparity has been adopted, almost without exception, as a preferred mode of reproduction. This habit of giving birth to living young has been adopted as a reproductive stratagem by representatives of all classes of vertebrates except for the birds, and by many groups of invertebrates. The patterns of the occurrence of viviparity among members of distantly related genera, and in some, but not other species of a genus, as seen in fishes and reptiles in particular, leave one in no doubt that it has arisen many times in widely different groups of animals. However, although the role of the corpus luteum in the regulation of gestation is only rudimentary in non-mammalian vertebrates, it would be a mistake to assume that a form of maternal recognition of pregnancy is therefore absent. In the worm-like arthropod, Onycophora, a placenta-like relationship develops which is functionally analogous to that of the yolk sac in mammals. Among teleost fishes the young develop within the ovarian cavity in certain species and even within the follicle in others; in the latter, two or more broods at different. stages of maturation are harboured simultaneously, which implies that each follicle has some autonomy in regulating its own ovulation. Among the reptiles advanced forms of placentation are found where the allantoic blood supply is apposed to the much folded glandular maternal tissues immediately overlying the main uterine blood vessels.
During this meeting our purpose will be to explore the nature and interplay of mechanisms that are indispensable for the successful establishment of pregnancy in mammals. We shall address ourselves to the diversity of these maternal recognition mechanisms and to the special case of delayed implantation, or embryonic diapause, an experiment of nature (and of enquiring biologists) which may yet prove to have singular value in elucidating the role of the uterine environment in the control of embryonic development. Outstanding questions remain about whether the growth of the embryo is arrested by inhibitory factors produced by the uterus, or by the lack of a maternal stimulus; whether the mother recognizes the presence of an embryo during delay, or whether the embryo withholds evidence of its existence during d iapau se.
We shall finally examine the biological puzzle of immunological coexistence between mother and embryo with its wider implications in other branches of the natural sciences, and discuss the results of procedures designed to regulate fertility by the immunological neutralization of specific signals of embryonic origin. While the application of these latter techniques for regulating human fertility is a long way off, current research promises to supplement knowledge of the interplay between structural, endocrinological and immunological events in gestation. Comparative aspects of blastocystendometrial interactions at implantation
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Abstract Since the trophoblast-uterine adhesion is as nearly a universal phenomenon in implantation as can be found, an attempt was made to determine whether or not there was a reduction in cell surface glycoproteins in the rat, as can be observed in the ferret. Neither colloidal iron nor cationized ferritin revealed the type of pattern anticipated for a localized reduction in surface negativity in the imprint of the blastocyst in the implantation chamber. The use of lectin-coated latex beads also proved disappointing in defining regional differences in adhesiveness. However, a number of observations on the changing shape of the implantation chamber, the secretion of periluminal material by decidual cells, and the penetration of the residual basal lamina of the luminal epithelium by the decidual cells were made in the course of these studies. The implantation chamber of the rabbit, in which the blastocyst does not make an imprint, was contrasted with that of the rat. The areas of fusion of trophoblast knobs with uterine epithelial cells were shown to be visible by scanning electron microscopy. Finally, some observations on the hypertrophy of maternal epithelial cells to form the uterine plaque in the rhesus monkey are described, and the hypertrophy of endothelial cells to form cells admirably suited to protein secretion is presented.
Comparative aspects of implantation such as the orientation of the blastocyst, position of the blastocyst in the uterus, relative penetration of the uterine epithelium and other variable parameters have been reviewed by Wimsatt (1975) . In addition we have reviewed common features associated with the events of implantation, such as apposition, adhesion and uterine epithelial penetration (Schlafke & Enders 1975; Enders 19760) . Many aspects of alteration of the luminal epithelium, trophoblast surface and adhesiveness have been discussed in broadly based articles by Sherman (Sherman & Salomon 1975; Sherman & Wudl 1976) . The role of proteases, especially in the rabbit, has been clarified by the monograph of Denker (1977) .
Rather than reviewing the field of comparative implantation it is our intention here to present some aspects of our current investigation of implantation, especially as they relate to the endometrial response to the blastocyst during the progress of implantation.
MATERlALS A N D METHODS
Implantation sites used in this study were prepared for light microscopy and for transmission and scanning electron microscopy by the following procedures. Animals at the selected stage of gestation were infused, via the abdominal aorta, with an aldehyde fixative containing 2 glutaraldehyde and 2 % formaldehyde, freshly prepared from paraformaldehyde, in 0.1 M-phosphate buffer, pH 7.3. Uteri were then rapidly removed and the implantation sites sliced or split. After fixation times of 1-2 hours, tissues were rinsed in 0.1 M-phosphate buffer, treated for alternative procedures if required, postfixed with 1 % osmium tetroxide in phosphate buffer for one hour, dehydrated in alcohol, and embedded in Araldite epoxy resin. Generally, serial one-micrometre sections of the implantation sites were stained with 2 % Azure B, and carefully examined until the proper stage or orientation was found. If the material was to be observed with scanning electron microscopy, tissues were placed in acetone, then critical-point dried with COz and sputter-coated using gold. Tissues were examined in an AEI 801 transmission electron microscope or Cambridge Stereoscan or Philips 501 scanning electron microscopes.
Rhesus monkey
Rhesus monkey conceptuses have been obtained on Days 13-16 of gestation. Optimal time of mating was determined by identification of the oestrogen surge associated with ovulation ; rapid elevations in plasma oestrogen and progesterone concentrations on Days 10-1 3 identified a developing conceptus. Peri-implantation areas were examined with light, transmission and scanning electron microscopy.
Rabbits
Implantation stages of Dutch-belted rabbits were collected at seven days 0, 4 and 6 hours post coitus. After critical-point drying, slices of the implantation sites were carefully examined and dissected to reveal attachment areas before being placed on stubs for examination in the scanning electron microscope.
Ruts
Implantatioli stages in the rat were studied on Days 6 and 7 of gestation (Day 1 = day sperm found in vaginal smear). In experiments concerning anionic binding, cationized ferritin (Miles-Yeda Ltd ; 10.6 mg/ml) was used at a dilution of approximately 1 nig/ml in phosphate-buffered saline. Tissues were treated for 10 or 30 minutes with agitation, rinsed in buffered saline, postfixed and processed for transmission electron microscopy. Colloidal iron hydroxide, freshly prepared according to the method of Nicolson (1972) , was used, a t p H 1.6, with an iron concentration of 5.45 g/l., Tissues were stained for 10 minutes. More extensive studies involving these experimental procedures will appear elsewhere (Enders & Schlafke, in preparation).
ADHESION STAGE OF IMPLANTATION
The first surface of the maternal system encountered by the trophoblast a t the initiation of implantation is the apical surface of the uterine luminal epithelium. Transmission electron microscopy revealed that interdigitation of microvilli could occur before adhesion and that broad areas of apposition of membrane could be discerned once adhesion was initiated in the rat and mouse (Enders & Schlafke 1967 , 1969 Potts 1968) . Scanning electron microscopy confirmed the blunting of uterine microvilli adjacent to the blastocyst (Enders 1975) . In addition, this method demonstrated the shape of the blastocyst in situ, in particular the indentation of the abembryonic trophoblast by protruding luminal epithelial cells in the rat and mouse (Bergstrom 1972; Enders 1975) .
Since it has been known for a number of years that relative adhesiveness can affect cell sorting and that such adhesiveness appears to be a property of glycoproteins of the cell membrane (Moscona 1971), it was natural that a number of investigators turned towards an examination of the nature of the cell membranes a t the time of implantation ( Cytological studies of implantation demonstrated that, in the ferret, the uterine epithelial glycocalyx is so thick that it can be readily demonstrated without the use of cytochemical methods (Enders & Schlafke 1972) . There is an apparent removal of this glycocalyx at specific regions of the adjacent trophoblast. The possibility that such a reduction in uterine glycocalyx could be a common prerequisite for adhesion led us to attempt to investigate it further.
Our initial cytochemical studies of the mouse uterus and trophoblast at implantation indicated that both surface membranes contained negatively charged glycoproteins, and did not show marked reduction in negativity of either trophoblast or uterus at implantation (Enders & Schlafke 1974). Some investigators, however, have suggested a loss of charge on trophoblast at implantation (Jenkinson & Searle 1977) . Even if there is no reduction in surface negativity of the blastocyst or the general uterine luminal epithelium, there remains the possibility of local alteration in the constituents of the uterine surface adjacent to the adhering trophoblast. For example, removal of sialic acid could result in both exposure of different glycosyl groups and reduction in charge.
Two principal approaches were used in an attempt t o demonstrate alterations at the site of implantation in the rat. The first was t o directly visualize implantation sites split to expose the blastocyst and its 'imprint' (Fig. I) , and to make a subsequent cytocheniical demonstration of charge. The second procedure was to visualize differential adhesiveness through exposure of the blastocyst and imprint t o appropriately treated beads.
In the vast majority of our observations, no reduction in binding of positively charged colloidal iron could be demonstrated on the uterine surface, and in no instance was there a localized depletion as though in response to a single adjacent trophoblast cell. When cationized ferritin (CF) was used as an indicator of surface negativity, a finer distribution of particles was found. This method clearly demonstrated thick, highly uniform binding on the trophoblast, and relatively thin, more irregular binding to uterine epithelium (Fig. 2) . However, there appeared to be little difference in the binding of CF in the imprint as opposed to outside the imprint in the implantation chamber (Fig. 3) . Some of the extracellular material in the uterine lumen bound more CF than did the uterine surface.
In studies of relative adhesiveness of the imprint, we selected the lectin concanavalin A, since we had previously shown that this lectin will bind to the apical surface of uterine epithelium. When a graded series of agarose beads that contained con A (ranging in size from a few micrometres to over 100 micrometres) were exposed to the implantation chamber and imprints, the beads adhered only to the stromal surface. A second series of experiments were done using con A bound to latex beads of relatively small size (about three times the diameter of a normal uterine luminal microvillus).
FIG. 1.
Transverse section of a rat blastocyst from a split implantation site. The surfaces (shown here in section) and the imprint of the blastocyst on the contralateral surface are made available to exposure to marker materials by this method. Day 6, 14.00 h.
In analysing the results, a number of features of the physical nature of the surfaces had to be considered. The implantation chamber has digitiform microvilli, the imprint itself has blunt microvilli, the blastocyst has fewer microvilli than the uterine surface, and a split blastocyst has a flat exposed basal lamina. The physical properties of smooth undulating surfaces should allow more surface to be exposed to the small-sized beads than a microvillous surface. Blunt microvilli should provide greater exposure than tall microvilli. If these factors are taken into consideration, the latex spheres should bind best to the basal lamina of the blastocyst, next to the blastocyst surface, then to an imprint, and lastly to the uterine chamber. In examining the preparations, we found that this was the order appearing, with the exception that there was only moderate adherence to the blastocyst surface (the aggregation of beads made the actual count difficult to assess in most cases) (Figs. 4 and 5) . At any rate, we could not demonstrate a large increase in the number of beads adhering to the imprint. Therefore, in relation to the idea that a reduction FIG. 2. Rat trophoblast (above) and uterus after exposure to cationized ferritin. Note that the trophoblast abundantly binds this tracer of anionic sites, whereas the adjacent uterine surface contains only irregularly scattered particles. The occasional aggregates of ferritin molecules, loosely associated with the uterine surface, are thought to be marking secreted material. Day 6 , 14.00 h. in the surface macromolecules or an alteration of surface material would expose more residues that might aid in adherence of the blastocyst, the results were negative.
Before abandoning the concept of an altered maternal glycocalyx we should consider two weaknesses of the preceding experiments. Only a lectin with a high affinity for mannose, con A, was used. Lectins with a greater affinity for different glycosyl groups may give different results. Secondly, in order to demonstrate the imprint of the blastocyst on the surface of the uterus, the uterus had to be fixed. Fixation is believed to alter the lateral mobility of membrane proteins (Grinnell et al. 1976) , and could be expected to affect the binding of large objects by preventing the aggregatim of binding sites.
As previously noted, we found, both with a colloidal iron and CF, that the surface of the trophoblast was highly negatively charged. In an attempt to demonstrate regional differences on blastocysts we have used the association of con A-treated erythrocytes with the trophoblast surface. In contradistinction to the observations of Sobel & Nebel (1976) on the mouse, who also used the microhaemadsorption method of Furmanski e t a / . (1972), we found no regional differences in adhesiveness; erythrocytes adhere anywhere on the blastocyst, not just to the abembryonic trophoblast (Fig. 6) . The erythrocytes tend to FIG. 6 . Section of a rat blastocyst which had been incubated with con A-coated erythrocytes. While the erythrocytes on this blastocyst were largely over the embryonic surface, taken as a whole significant regional differences in adhesion could not be found. Day 5, 22.00 h. I 1 aggregate, so that adherence to trophoblast is better measured by sectioning the blastocysts in addition to examining the whole blastocyst. Thus only those erythrocytes that are actually associated with the trophoblast are counted from each cluster.
MORPHOGENESIS OF THE IMPLANTATION CHAMBER IN THE RAT A N D MOUSE
Since the rat and mouse are such widely studied animals, it is not surprising that information is available on the initiation of oedema in the stroma, removal of fluid by pinocytosis from the uterine lumen, and initiation of the decidual reaction. The changes in shape of the implantation chamber have been examined by sections (eg. Finn & Hinchliffe 1965), but the 'split site' method provides an interesting lateral view that particularly clearly illustrates the formation of the depression in the luminal surface (Figs. 7 and 8 ). In the rat the initial declivity extends antimesometrially from the general surface and becomes progressively deeper and narrower from the late fifth through the sixth day. By the seventh day the chamber is very narrow and long, but in addition it now deflects the adjacent distal and caudal lumen mesometrially so that the epithelial tube descends antimesometrially from a pronounced papilla (Fig. 9 ). Is this a result of decidual cell formation, or is the uterine luminal epithelium actively involved?
Recent information indicates that decidual cells are linked by gap junctions (Finn 1971; Kleinfeld et al. 1976 ), but does not indicate what functional significance for implantation results from this coupling. In the course of the current investigation an apparent secretion of material into the interstitium by decidual cells and the accumulation of this material adjacent to the basal lamina of the uterine epithelium in the implantation chamber has been observed (Fig. lo) . This material is particularly abundant on the afternoon of Day 6 and accumulates around the entire uterine epithelium of the implantation chamber, not just the imprint.
Another unexpected aspect of implantation in the rat is that the eventual penetration of the residual basal lamina of the uterine epithelium is first accomplished not by the trophoblast but by ectoplasmic processes from adjacent decidual cells (Figs. I 1 and 12 ). Whether these two observed activities of the juxtaluminal decidua are related is not yet apparent.
FORMATION OF THE IMPLANTATION CHAMBER IN THE RABBIT
In the rabbit, unlike the rat, while the implantation chamber is forming, the trophoblast is surrounded by extracellular coats ('blastolemmas'; Denker FIG. 7 . Imprint of the position of a blastocyst (arrow) on the luminal epithelium of a rat during delayed implantation. Note the longitudinal folds of the uterus in this relatively straight portion, and the transverse folds in the region of contraction a t the right. Day 9, delay.
FIG.
8. This scanning electron micrograph of a split implantation site shows the declivity of an implantation chamber, and the contained blastocyst. This specimen had been exposed to con A-treated latex beads. Rat, Day 6, 14.00 h.
1977)
. These are first penetrated by the trophoblastic knobs, but subsequently the coats and secretory material between the two epithelia are broken down and removed, probably by extracellular digestive enzymes from the trophoblast (Denker 1974). Although the chamber is formed as a result of expansion of the blastocyst, the trophoblast cells do not make an impression on the uterine FIG. 9. By Day 7, the rat implantation chamber has become long and narrow. The chamber is only a little wider than the trager which is seen projecting niesonietrially. The general level of the lumen has been displaced mesometrially resulting in an intraluminal papilla into which the epithelium of the chamber projects.
epithelial cells (Fig. 13) , nor is there a distinct alteration of those cells immediately adjacent to trophoblast from those not lying adjacent to trophoblast except for flattening of the cilia of the scattered patches of ciliated cells (Fig. 14) . Even where the first penetration occurs (by cell fusion), scanning electron microscopy illustrates a striking confluence of the two different cell surfaces (Figs. 15, 16 and 17) . It thus appears that the first adhesion in the rabbit occurs between syncytial trophoblast and previously unmodified uterine epithelial cells, rather than there being a general modification initially, as in the rat and mouse.
MODIFICATION OF UTERINE LUMlNAL EPITHELIUM
A number of species show extensive alteration of the uterine epithelium in the later stages of implantation. In the rhesus monkey, the epithelial plaque forms rapidly after the initial attachment of trophoblast to uterine surface (Wislocki & Streeter 1938) . In fact, this modification can occur in areas where the trophoblast apparently has been temporarily associated with the surface,
FIG.
10. Light micrograph of a split implantation site which had been embedded in plastic, sectioned, and stained with Azure B. It illustrates particularly well the material (dark) that accumulates at this stage between the decidual cells and adjacent to the basal lamina of the luminal epithelium. Rat, Day 6 , 14.00 h. in addition to occurring at the definitive sites of primary and secondary placenta formation. Formation of the epithelial plaque can first be seen by an increase in size of the epithelial cells, the loss of their columnar configuration, and then development of the nearly solid masses of cells in nodules and cords (Figs. 18  and 19 ). The first cells to undergo this transformation are basal, presumably more primitive cells. However, the entire population of cells in the surface and necks of glands rapidly undergoes such modification. Cytologically these cells are distinct from the rest of the uterine epithelium, in that they contain large accumulations of glycogen. The functional significance of this epithelial response remains a mystery which is not helped by the fact that no similar response is found in the baboon, which otherwise has rather similar implantation stages (Ramsey et al. 1976) . 
15. By seven days 4-6 h P.c., the discrete trophoblast knobs (arrows) can be seen i n the rabbit. Their syncytial nature is seen here, in that cell membranes are not apparent on their surface.
MODIFICATION OF MATERNAL VASCULAR ENDOTHELIUM
An increase in the local vascularity is a common maternal response to implantation. In addition, rapid division of the endothelial cells is seen in vessels a t the margins of the implantation chamber in the rat and niouse, and also near the implanting blastocyst of the rhesus monkey. In the latter case, endothelial cells also become hypertrophied.
Endothelial hypertrophy per se is common in many species of shrews, bats, and carnivores. In the latter group in addition the endothelium clearly dil'ferentiates into a cell type with characteristics of a high rate of synthesis and secretion of protein. These cells contain extremely well-developed granular endoplasmic reticuluni arid the 'secretion' granules are relatively few, pleoniorphic and basal. Although this activity may be associated in part with the formation of basement membranes, the abundance of endoplasmic reticulum suggests an additional synthetic function. Endothelial hypertrophy and differentiation is a relatively 'slow' change appearing over a period of several days, and in the ferret, for example, is confined to an area near the trophoblast as well as appearing only appreciably after epithelial penetration.
LEUCOCYTIC RESPONSE TO IMPLANTATION
In the human and in the rhesus monkey there are indications of an inflammatory response to the early stages of implantation. After penetration of the uterine epithelium in the human, there are accumulations of both polymorphs and lymphocytes in the region of the trophoblast before decidualization (Enders 19763) . Similar accumulations occur in the rhesus monkey during the stages when the epithelial plaque is enlarging. Such areas of leucocytic accumulation are clearly more abundant in the primates than in many other species.
